| INTRODUCTION

Type 2 diabetes is a major public health challenge in the United
States and around the world. 1, 2 Numerous studies have demonstrated that childhood cardiometabolic risk factors, such as obesity and fasting glucose levels, are predictive of adult type 2 diabetes risk. [3] [4] [5] As a result of the increasing trend in obesity prevalence, 6, 7 more children and adolescents are at risk of developing type 2 diabetes in the future. In fact, age at onset of type 2 diabetes has gradually decreased such that pediatric type 2 diabetes has become less uncommon. 8 Therefore, identifying at risk children and adolescents for future type 2 diabetes is important for early prevention and intervention.
Among risk factors for type 2 diabetes, cardiorespiratory fitness [9] [10] [11] and muscular fitness 9, 12 are important predictors for the † Shengxu Li and Rui Zhang contributed equally to this work.
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an increasing body of evidence shows that both cardiovascular fitness and muscular fitness are associated with cardiometabolic health [13] [14] [15] [16] or future mortality. 17 Handgrip strength, measured by a commonly used handgrip test in epidemiological studies, is a measure of muscular fitness 13 and has been inversely associated with insulin resistance in children and adolescents. [18] [19] [20] [21] [22] However, some studies reported that handgrip strength was positively associated with homeostasis model assessment of insulin resistance (HOMA-IR), 23 or suggested that the association between muscular fitness and cardiometabolic risk in children is not independent of obesity. 24 Further, muscular fitness is not associated with fasting glucose levels in children and adolescents in most studies 18, [25] [26] [27] ; however, fasting glucose levels may not be sensitive for identifying compromised glucose metabolism in children and adolescents. So far, the association of handgrip strength with 2-hour glucose levels from an oral glucose tolerance test (OGTT)
has not yet been examined.
Clarifying the association between muscular fitness and insulin resistance and glucose metabolism in children and adolescents can improve the understanding of the evolution of insulin resistance from childhood and will have implications for prevention of insulin resis- 
| Handgrip test
Detailed descriptions of the protocol for handgrip strength examination are provided in the NHANES Muscle Strength/Grip Test Procedure Manual available on the NHANES website (https://www.cdc.
gov/nchs/nhanes/). In brief, after preparation that included explanation and demonstration of the protocol, adjustment of the grip size of a dynamometer, and a practice trial, the participant was asked to use 1 of the hands to squeeze the dynamometer as hard as possible, exhaling while squeezing to avoid build-up of intra-thoracic pressure.
Each hand was tested 3 times, alternating hands between trials with a 60-second rest between measurements on the same hand. The combined grip strength was calculated as the sum of the largest reading from each hand, and expressed in kilograms.
| Oral glucose tolerance test
Detailed descriptions of the protocol for OGTT are provided and available on the NHANES website. In brief, after confirmation of fasting and other inclusion criteria, participants were asked to drink a calibrated dose (generally 75 g of glucose) of Trutol and had blood sample drawn after 2 hours (AE15 minutes).
| Laboratory measurements
Fasting and 2-hour plasma glucose concentrations were measured using the Beckman UniCel DxC800 Synchron system (Beckman Coulter Inc., Brea, California) using a glucose oxidase method. Fasting serum insulin concentration was measured by a chemiluminescent "sandwich" immunoassay using ROCHE ELECSYS 2010 (Roche Diagnostics Corporation, Indianapolis, Indiana). Detailed descriptions of the protocols can be found in the NHANES Laboratory/Medical
Technologists Procedures Manual available on the NHANES website.
| Statistical Analysis
Descriptive results were presented as means (SDs) for continuous variables and percentage for categorical variables. Insulin resistance was assessed according to the HOMA-IR formula 28 :
HOMA-IR = fasting insulin (μU/ml) × fasting glucose (mmol/ l)/22.5.
Fasting insulin levels and HOMA-IR were log-transformed to increase normality for further analysis. General linear models were used to examine the associations between handgrip strength and outcome variables (fasting and 2-hour glucose, insulin, and HOMA-IR), After adjustment for age, race, sex, BMI, and physical activity levels, handgrip strength was inversely associated with fasting insulin levels (P = .017) and HOMA-IR (P = .025) ( Table 2 ). As shown in previous studies, handgrip strength was not associated with fasting glucose levels (P = .77); however, handgrip strength was inversely and significantly associated with 2-hour glucose levels (P < .0001) ( Table 2 ). The associations of handgrip strength with fasting insulin levels, HOMA-IR, and 2-hour glucose levels were all statistically significant (P ≤ .002) in boys, but not in girls (P > .09) (Table S1 , Supporting Information).
There was a decreasing trend in fasting insulin and 2-hour glucose levels as handgrip strength increased from the bottom quartile to the top quartile ( Figure 1 
| DISCUSSION
In this national sample of the US adolescents, muscular fitness, measured by a handgrip test, was inversely associated with fasting insulin resistance and 2-hour glucose levels. These associations were independent of BMI and physical activity and persisted in sensitivity analyses, indicating the robustness of these associations. The findings suggest that the first clinically identifiable marker for compromised glucose metabolism associated with low muscular fitness is elevated levels of postprandial rather than fasting glucose in adolescents.
The observed associations of handgrip strength with insulin resistance were robust against the potential confounding effects of obesity and physical activity. The robustness of these associations argues against the concept that the association of muscular fitness with cardiometabolic health in children is mediated by obesity. 24 Similarly, the observed associations were independent of vigorous and moderate physical activities. Our findings support previous observations that muscular fitness is associated with insulin sensitivity but not fasting glucose levels. 18, [25] [26] [27] Noteworthy is that although handgrip strength was not associated with fasting glucose levels, it was with 2-hour glucose levels.
This finding suggests that low muscular fitness is a risk factor for having impaired glucose tolerance, a strong risk factor for the development of type 2 diabetes. 29 This novel finding suggests that fasting glucose levels are not a sensitive marker for impaired glucose metabolism in children and adolescents. A glucose tolerance test may be needed to identify those who have impaired glucose metabolism with low muscular fitness. The finding is consistent with previous knowledge that those with impaired glucose tolerance have predominantly muscle insulin resistance. 30 With increased insulin resistance accompanied by impaired glucose tolerance, the risk of developing type 2 diabetes in children and adolescents with low muscular fitness may increase substantially.
The underlying mechanisms for the observed associations of muscular fitness with insulin resistance and glucose metabolism are yet to be well examined. Inflammation, an important factor for insulin resistance, is associated with low muscular fitness. 31 It is also possible that impaired glucose metabolism associated with low muscular fitness is at least partially due to the intrinsic impaired muscle oxidative capacity. 32 Insulin resistance may also linked to low muscular fitness by fat infiltration in the muscle as indicated by low muscle density. [33] [34] [35] Low cardiorespiratory fitness associated with low muscular fitness may play a role, but studies have shown the adverse Mean AE SD is presented unless otherwise indicated. PA, physical activity; HOMA-IR, Homeostasis model assessment of insulin resistance. a n = 427 for boys and n = 413 for girls.
effects of low muscular fitness are independent of cardiorespiratory fitness. 25 It is also possible that insulin-sensitive glucose transporter 4 (GLUT4) in plasma membrane in skeletal muscles cells is decreased in those with low muscular fitness. 36 However, the precise mechanisms for the observed associations remain to be fully examined in future studies.
Findings from the current study have important implications.
Adolescents with low muscular fitness may already have compromised glucose metabolism and increased insulin resistance, which makes them susceptible to future type 2 diabetes. Future studies should systematically examine the natural history of impaired glucose metabolism in youth and quantify the risk of type 2 diabetes associated with low muscular strength. If warranted, the utility of low muscular strength as an indicator for high risk of developing type 2 diabetes in youth should also be examined. Importantly, intervention programs to improve fitness are effective in reducing risk for type 2 diabetes in children and adolescents regardless of obesity status. 36, 37 Vigorous physical activity, besides being a strong and independent predictor of fasting insulin levels and HOMA-IR, 37 improves muscular strength and cardiorespiratory fitness and reduces fatness. 14, [38] [39] [40] [41] Further, the benefits of high muscular fitness are beyond cardiometabolic risk factors. 42 Evidence from 498 135 UKBiobank adult participants suggests that increasing physical activity may be particularly beneficial in those with low muscular strength. 43 Of note, resistant training may also be of substantial benefit for improving insulin resistance, as shown by Shaibi et al. 44 Therefore, promoting physical activity, in particular vigorous physical activity, should be a priority in adolescents with limited physical fitness, which is also supported by the findings in the current study that only vigorous physical activity was associated with insulin resistance.
We recognize that our study was cross-sectional in nature. Thus, causality of the observed associations cannot be established. I  II  III  IV  IV  I II III FIGURE 1 Log-transformed insulin levels and 2-hour glucose levels from a glucose tolerance test in adolescents from the National Health and Nutrition Examination Survey (NHANES) 2011 to 2014 by handgrip strength quartile. Handgrip strength quartile was age and sex specific. P values were adjusted for age, race, sex, body mass index, and physical activity However, combined with findings from previous studies, the observed associations in the current study support muscular fitness as an important identifier for children and adolescents who are at risk of developing type 2 diabetes. In addition, handgrip strength reflects only part of overall muscular fitness, and cardiorespiratory fitness measures were not available. We acknowledge that we did not have information on Tanner stage, which is particularly important for insulin resistance and glucose metabolism during puberty period. Finally, we acknowledge that information on physical activity was selfreported during an interview.
In conclusion, muscular fitness is associated with insulin resistance and glucose metabolism in US adolescents. Our study also suggests that fasting glucose levels may not be a sensitive marker for impaired glucose metabolism in youth. Findings of the current study have important implications for exploring new underlying mechanisms between glucose metabolism and muscular strength and for early prevention of adult cardiometabolic diseases, such as type 2 diabetes.
